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Primary microRNAs (pri-miRNAs) are cleaved by the nuclear RNase III Drosha to produce hairpin-shaped
precursor miRNAs (pre-miRNAs). In humans, this process is known to be facilitated by the DEAD-box
helicases p68 (DDX5) and p72 (DDX17). In this study, we performed a candidate-based RNAi screen in C.
elegans to identify DEAD/H-box proteins involved in miRNA biogenesis. In a let-7(mg279) sensitized
genetic background, knockdown of a homolog of yeast splicing factor Prp28p, DDX-23, or a homolog of
human helicases p68 and p72, DDX-17, enhanced let-7 loss-of-function phenotypes, suggesting that these
helicases play a role in let-7 processing and/or function. In both ddx-23(RNAi) and ddx-17(RNAi), levels of
mature let-7 were decreased while pri-let-7 was found to accumulate, indicating that the helicases likely
act at the level of pri-let-7 processing. DDX-23 and DDX-17 were also required for the biogenesis of other
known heterochronic miRNAs, including lin-4 and the let-7 family members miR-48, miR-84 and miR-
241. Their function was not conﬁned to the heterochronic pathway, however, since they were both ne-
cessary for down-regulation of cog-1 by the spatial patterning miRNA, lsy-6. Here, we present a novel
function for C. elegans DDX-23 in pri-miRNA processing, and also suggest a conserved role for DDX-17 in
this process.
& 2015 Elsevier Inc. All rights reserved.1. Introduction
MicroRNAs (miRNAs) are 22-nt small noncoding RNAs that
regulate numerous target mRNAs in a sequence-speciﬁc manner
(Ambros, 2004). Most animal miRNAs are transcribed by RNA
polymerase II to produce primary miRNAs (pri-miRNAs), which are
several hundreds or thousands of nucleotides in length (Lee et al.,
2004). Pri-miRNAs are processed in the nucleus by Drosha and
DGCR8/Pasha of the Microprocessor complex to generate 70-nt-
long precursor miRNAs (pre-miRNAs) (Denli et al., 2004; Gregory
et al., 2004; Han et al., 2004; Landthaler et al., 2004). Subse-
quently, pre-miRNAs are transported to the cytoplasm and cleaved
by Dicer to generate mature miRNAs (Grishok et al., 2001; Hut-
vagner et al., 2001). Mature miRNAs are associated with Argonaute
proteins and loaded into the miRNA induced silencing complex
(miRISC). In most cases, active miRISCs bind to complementary
sequences in the 3′ untranslated region (3′ UTR) of target mRNAs
and trigger translational repression, mRNA deadenylation and/or
degradation (Pasquinelli, 2012).icrobiology, College of Medi-
-Ai Rd., Taipei 10051, Taiwan.
han).The DEAD-box and DEAH-box proteins belong to the DExD/H-
box RNA helicase family, which plays crucial roles in almost all
aspects of RNA metabolism, including transcription, splicing,
translation and decay (Cordin et al., 2006; Linder and Jankowsky,
2011; Rocak and Linder, 2004). Several RNA helicases have been
implicated in miRNA biogenesis or function (van Kouwenhove
et al., 2011). For example, p68 (DDX5) and p72 (DDX17) interact
with the Drosha-containing Microprocessor complex and facilitate
the processing of a subset of pri-miRNAs in the nucleus (Mori
et al., 2014; Suzuki et al., 2009). Cytoplasmic DDX5 has also been
shown to facilitate the loading of let-7 to miRISC by unwinding the
let-7 miRNA precursor duplex (Salzman et al., 2007). The helicase
Moloney leukaemia virus 10 (MOV10) is known to interact with
miRISC and promote miRNA-guided mRNA cleavage (Meister et al.,
2005). Another miRISC-associated helicase, DDX6/Rck/p54, is re-
quired for P-body assembly and effects miRNA-mediated repres-
sion via binding to the CCR4-NOT complex (Chen et al., 2014; Chu
and Rana, 2006; Mathys et al., 2014; Rouya et al., 2014). In C.
elegans, the DDX6 homolog, CGH-1, has also been demonstrated to
interact with the miRISC components and modulate the efﬁcacy of
several miRNAs that control the cell cycle and terminal differ-
entiation, including let-7 (Hammell et al., 2009).
The let-7 miRNA sequence and temporal expression pattern
during development are conserved across species (Pasquinelli
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molecular switch in the heterochronic gene pathway, which reg-
ulates the timing of cell cycle exit at the larva-to-adult (L/A)
transition (Slack et al., 2000). let-7 down-regulates expression of
the RBCC-NHL protein LIN-41 by repressing translation or inducing
mRNA degradation (Bagga et al., 2005). LIN-41 controls adult cell
fate determination in hypodermal seam cells by repressing the
adult transcription factor LIN-29 (Slack et al., 2000) and is also
important for vulval morphogenesis (Ecsedi et al., 2015). At the L/A
transition, mutations in let-7 lead to retarded seam cell terminal
differentiation and a “vulval bursting” defect (Ambros, 2011; Slack
et al., 2000). Depletion of core miRNA pathway components, such
as DCR-1, ALG-1/2 or AIN-1/2, affects let-7 biogenesis and/or
function and causes developmental phenotypes similar to those in
let-7 mutants (Ding et al., 2005; Grishok et al., 2001; Zhang et al.,
2007). Thus, screening for let-7mutant phenotypes following gene
knockdown has previously been used as a tool to identify miRNA
pathway components (Parry et al., 2007), including the nuclear
export receptor XPO-1 and subunits of the nuclear cap-binding
complex (CBC), CBP-80 and CBP-20. All three proteins have been
demonstrated to support primary miRNA processing (Büssing
et al., 2010).
In this study, we sought to identify novel miRNA pathway
factors from the DEAD/H-box RNA helicase family. We show that
depletion of DDX-17 (F58E10.3) or DDX-23 (F01F1.7) caused let-7
mutant phenotypes by blocking pri-let-7 processing, leading to a
reduction in mature let-7 levels. A role for human DDX17 in pro-
moting primary processing has been previously demonstrated
(Mori et al., 2014; Moy et al., 2014; Suzuki et al., 2009), suggesting
an evolutionarily conserved role for C. elegans DDX-17. DDX-23
shares homology with the yeast splicing factor Prp28p and its
sequence is conserved from C. elegans to human (Konishi et al.,
2008; Strauss and Guthrie, 1994; Teigelkamp et al., 1997). How-
ever, DDX-23 has previously not been linked directly to miRNA
biogenesis. Knockdown of DDX-23 by RNAi is known to affect
germ cell proliferation and cause a failure in the switch from
spermatogenesis to oogenesis (Konishi et al., 2008), defects that
are similar to the Masculinization of Germline (MOG) mutant
phenotypes seen with the DEAD-box helicases MOG-1, MOG-4 and
MOG-5 (Graham and Kimble, 1993; Graham et al., 1993; Puoti and
Kimble, 1999, 2000). DDX-23 also plays a role in pre-RNA splicing,
and is thought to act along with MOG-1, MOG-4 and MOG-5 to
control germline sex determination through its splicing-related
activity (Konishi et al., 2008). Here, we propose that, like DDX-17,
DDX-23 may inﬂuence the regulation of development by micro-
RNAs through its effects on primary miRNA processing.2. Materials and methods
2.1. Nematode strains and culture conditions
Wild-type N2, OH7310 otIs193[cog-1p::lsy-6hp; rol-6(su1006)];
syIs63 [cog-1::gfp; unc-119(þ)] IV, PS3662 syIs63[cog-1::gfp; unc-
119(þ)] IV, and MT2124 let-60(n1046) IV were provided by the
Caenorhabditis Genetics Center (CGC). eri-1(mg366) IV; let-7
(mg279) X, lin-41(ma104) I; eri-1(mg366); let-7(mg279) X, GR1689
let-60(n1046gf) IV; mir-84(tm1304) X and GR1690 mgIs45[mir-
84þþ ; tub-1::gfp] I; let-60(n1046gf) IVwere kindly provided by Dr.
Gary Ruvkun. maIs105[col-19::gfp] V was kindly provided by Dr.
Victor Ambros and also Dr. Helge Grosshans. wls51[SCM::gfp; unc-
119(þ)] V and FT250 xnIs96 [pJN455(hmr-1p::hmr-1::gfp::unc-54 3’
UTR); unc-119(þ)] were kindly provided by Dr. Ryusuke Niwa.
SA159 lon-1(e185) ddx-23(tj21) III/qC1 [dpy-19(e1259) glp-1(q339)]
III was kindly provided by Dr. Asako Sugimoto. To visualize the
seam cell nuclei in mutants, wIs51[SCM::gfp; unc-119(þ)] V wascrossed into eri-1(mg366) IV; let-7(mg279) X. To observe the ddx-23
expression pattern, we generated an integrated transgenic line
expressing ddx-23::2xTY1::EGFP::3xFLAG with a tagged fosmid
clone (Sarov et al., 2012) by microinjection and UV-induced in-
tegration. Worms were maintained under standard conditions at
20 °C and synchronized by hypochlorite treatment (Brenner, 1974;
Emmons et al., 1979).
2.2. RNA interference
RNAi by feeding was performed at 20 °C using E. coli HT115
carrying Ahringer library vectors or RNAi constructs generated in
this work (see Table 1 in Chu and Chan, submitted for publication;
Fraser et al., 2000). Synchronized L1 animals were placed onto
RNAi feeding plates and harvested at indicated stages or time
points.
2.3. RNA extraction and northern blotting analysis
Total RNA extraction and northern blotting analysis were per-
formed as previously described (Chu et al., 2014; Van Wynsberghe
et al., 2011a). Collected RNAi-treated animals were washed with
M9 buffer and homogenized by a FastPrep-24 homogenizer (MP
Biomedicals). RNA was extracted by the standard Trizol protocol
according to the manufacturer’s instructions. To detect miRNAs,
total RNA was separated on a 12% polyacrylamide gel (8 M Urea,
Acrylamide/Bis 19:1), transferred onto Hybond-Nþ membranes
(GE healthcare) and crosslinked by 254 nm UV irradiation
(120,000 microjoules/cm2) and baking 1 hour at 80 °C. The
32P-labeled RNA probes complementary to miRNAs or U6 snRNA
were prepared by in vitro transcription using the DNA template
generated by annealing two oligonucleotides containing the T7
promoter and the target-speciﬁc sequence, respectively. The se-
quences of oligonucleotides used for preparing the DNA templates
for in vitro transcription are listed in Supplementary Table 1.
Radioactive signals were detected using a Storage Phosphor Screen
and a Typhoon Trio Variable Mode Imager (GE healthcare).
2.4. RT-PCR and Quantitative real-time RT-PCR
RT-PCR and qRT-PCR were used to examine the abundance of
primary miRNAs or mRNAs. 10 μg of total RNA was treated with
DNase I (Ambion; DNA-free) according to the manufacturer’s
protocol. The cDNA was synthesized by SuperScript III reverse
transcriptase (Invitrogen) using random hexamers except for the
assay that measured total pri-let-7 (the sum of pri-let-7A, pri-let-
7B and SL1-pri-let-7). In this case, we used a previously described
anchored oligo(dT)-based RT-PCR approach (Hurteau et al., 2006),
in which a universal RT-primer containing a VN anchor, oligo(dT)15
and the universal reverse PCR primer sequence was used for re-
verse transcription. PCR was performed with Taq DNA polymerase
(MDBio, Taiwan) and cycle numbers indicated. qRT-PCR was per-
formed by using the KAPA SYBR FAST qPCR kit and an ABI Prism
7000 system. The sequences of gene-speciﬁc oligonucleotides for
PCR reactions are listed in Supplementary Table 2.
2.5. Western blotting analysis and antibodies
Nematode lysates were prepared as previously described (Chan
et al., 2008). Samples containing 20-50 μg of protein were sepa-
rated by 10% Bis-Tris polyacrylamide gels and transferred to PVDF
membranes for western blotting analysis. The polyclonal anti-
bodies against C. elegans DDX-23 and DDX-17 peptide antigens
(DDX-23: PDTNMKKDTDEFDNEEALMC; DDX-17: TKRKADEL-
TRAMRRDGWPC) were raised in rabbits by LTK BioLabs (Taiwan).
Unprocessed sera were used at a 1:2000 dilution. The puriﬁed
Y.-D. Chu et al. / Developmental Biology 409 (2016) 459–472 461polyclonal antibody against PASH-1 was a kindly gift from Dr.
Helge Grosshans, and used at a 1:2000 dilution. ALG-1 was de-
tected with a polyclonal antibody (PA1-031X, 1:5000 dilution)
from Thermo Scientiﬁc. Anti–Actin antibody was purchased from
Genescript. Anti-rabbit and anti-mouse secondary antibodies were
purchased from Jackson ImmunoResearch Labs. WesternBright ECL
(Omics Bio) and a UVP BioSpectrum 500 imaging system were
used to detect the signals.Fig. 1. RNAi against several DEAD-box RNA helicase genes causes the vulval bursting phe
and the vulval bursting phenotype was scored at the young adult stage. (A) Animals on
bursting through the vulva. For (A) and (B), V, vulva. Scale bars represent 50 mm. (C) The p
RNA helicase genes. In addition to ddx-23(RNAi), knockdown of several additional RNA
(RNAi) that caused a reduction in mature let-7 levels (see text for details) are marked in
SD. n4150 for each RNAi experiment.3. Results
3.1. Several DEAD-box RNA helicases function in let-7-mediated gene
regulation
To identify additional components of the miRNA pathway, we
knocked down the 37 DEAD-box and 11 DEAH-box helicase genes
in C. elegans through RNAi by feeding in an eri-1(mg366); let-7
(mg279) background (see Table 1 in Chu and Chan, submitted for
publication; Eki et al., 2007). The weak let-7(mg279) allele pro-
vides a sensitized background for detecting defects in let-7-
mediated regulation, as previously described (Parry et al., 2007),notype. Synchronized eri-1(mg366); let-7(mg279) L1 worms were subjected to RNAi
mock RNAi exhibited a wild-type vulva. (B) Animals on ddx-23(RNAi) often died by
enetrance of the vulval bursting phenotype caused by RNAi against 48 DEAD/H-box
helicases caused moderate vulval bursting. ddx-23(RNAi), ddx-17(RNAi) and mog-4
bold. Three independent biological duplicates were performed. Error bars represent
Fig. 2. RNAi against several DEAD-box proteins causes retarded seam cell development. (A) DIC and ﬂuorescence images of a young eri-1(mg366); let-7(mg279) adult animal
expressing the seam cell marker SCM::gfp on ddx-23(RNAi). Arrows indicate seam cells that underwent an additional division. Scale bars represent 20 mm. (B) Box-and-
whisker plots of seam cell numbers in young eri-1(mg366); let-7(mg279) adults following RNAi against vbh-1, sacy-1, ddx-23 or cgh-1. The line in each box shows the median
value, ‘þ ’ represents the mean, and the tops and bottoms of each box represent the 75th and 25th percentiles, respectively. The ends of the whiskers represent the data
range, and the numbers of animals assayed are shown in parentheses. *** po0.001, ** po0.01, * po0.05 by an unpaired one-tailed Student's t-test. (C) Alae defects caused
by knockdown of indicated RNA helicases in wild-type or mutant animals. The percentages of adults exhibiting complete, gapped or no alae were scored with DIC mi-
croscopy at 630x. Three independent biological duplicates were performed. Total numbers of animals analyzed are shown in parentheses.
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2004). Knockdown was initiated at the L1-stage to avoid potential
embryonic lethality.
When we examined the “vulval bursting” phenotype caused by
gene inactivation, animals fed the mock RNAi vector exhibited a
wild-type vulva (Fig. 1A) while those fed one of three RNAi vectors,
ddx-23 (F01F1.7) (Fig. 1B), vbh-1 or cgh-1, showed a signiﬁcantly
increased percentage of animals with vulval bursting (Fig. 1C).
Vulval bursting caused by ddx-23(RNAi) has also been previously
observed in a genome-wide RNAi screen for miRNA pathway genes
by Parry et al. (2007), but the role of DDX-23 in miRNA function
was not clearly identiﬁed (Parry et al., 2007). VBH-1 is the
homolog of human DDX3 and is required for proper germline
function and the stress response (Paz-Gómez et al., 2014; Salinas
et al., 2007). The role of VBH-1 in the miRNA pathway has not been
demonstrated, although its Drosophila homolog belle has been
proposed to be a component of the RNAi machinery (Zhou et al.,
2008). CGH-1 has been shown to interact with miRISC compo-
nents and modulate miRISC activity (Hammell et al., 2009), which
may explain the phenotypes observed with cgh-1(RNAi) in our
screen. We also uncovered several other helicase genes whoseinactivation was associated with moderate vulval bursting, in-
cluding ddx-17 (F58E10.3) and mog-4 (Fig. 1C). Mammalian DDX17
has been implicated in pri-miRNA processing (Mori et al., 2014;
Moy et al., 2014; Suzuki et al., 2009), but the involvement of C.
elegans DDX-17 in miRNA biogenesis has not been previously
characterized. MOG-4 is the homolog of the yeast splicing factor
Prp2p and has been shown to be required for C. elegans germline
development (Graham et al., 1993; Puoti and Kimble, 2000). The
role of MOG-4 in miRNA function is unknown.
We next performed RNAi against the same 48 RNA helicase
genes in a lin-41(ma104); eri-1(mg366); let-7(mg279) mutant
background, and observed no enhanced vulval bursting for any of
the helicases tested (Supplementary Fig. 1). The lin-41(ma104)
hypomorphic allele is able to rescue let-7 loss-of-function pheno-
types (Slack et al., 2000; Tocchini et al., 2014). Thus, the DEAD/H-
box RNA helicases whose gene inactivation in eri-1(mg366); let-7
(mg279) animals led to vulval bursting may control vulval devel-
opment by affecting the down-regulation of lin-41 by let-7. The
possibility that these helicases affect let-7 regulation was explored
further by retesting RNAi constructs that scored positive for vulva
bursting in eri-1(mg366) single mutant animals. Vulval bursting
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penetrant in the presence of the wild-type let-7 allele (Supple-
mentary Fig. 2). Interestingly, Parry et al. (2007) previously de-
scribed that the enhanced bursting caused by ddx-23(RNAi) was
not dependent on let-7(mg279). We attribute the discrepancy in
our ﬁndings to differences in the methods for scoring vulval
bursting. While we directly scored the percentage of burst ani-
mals, Parry et al. (2007) scored bursting on a 4-point scale, with
1 corresponding to 1% burst, 2 to up to 15% burst, 3 to up to
50% burst, and 4 to greater than 50% burst. This latter ap-
proach is less likely to reveal moderate but signiﬁcant differences.
To identify RNA helicases that affect let-7 developmental reg-
ulation outside the vulva, we examined the post-embryonic pro-
gression of seam cell fate (Reinhart et al., 2000; Slack et al., 2000).
In wild-type animals, seam cells exhibit stem cell-like divisions
during each larval stage. At the L/A switch, let-7 regulates cell cycle
exit and terminal differentiation of hypodermal seam cells, which
leads to the formation of two continuous lateral syncytia that each
contain 16 nuclei as well as the production of alae, a cuticular
collagen structure (Horvitz and Sulston, 1980; Sulston and Horvitz,
1977). Knocking down factors required for let-7 biogenesis and/or
function can trigger retarded terminal differentiation of seam cells,
resulting in reiterated cell divisions and defective alae formation
(Büssing et al., 2010). We counted the numbers of seam cell nuclei
using the seam cell marker SCM::gfp in our screen (Grishok et al.,
2001). The eri-1(mg366); let-7(mg279) animals with mock RNAi or
RNAi against the majority of the 48 DEAD/H-box RNA helicases
exhibited nearly wild-type seam cell development (see Table 2 in
Chu and Chan, submitted for publication). Interestingly, we ob-
served extra, yet evenly spaced and aligned, seam cell nuclei in
animals upon RNAi against ddx-23, vbh-1 or cgh-1, as well as sacy-
1 (H27M09.1) (Fig. 2A and B), which has been shown to regulate
oocyte meiotic maturation and modulate germline sex-determi-
nation (Kim et al., 2012). Knockdown of ddx-17 and mog-4 fre-
quently resulted in discontinuous clusters of seam cell nuclei
(Supplementary Fig. 3), similar to those observed in alg-1 mutants
(Wildwater et al., 2011). Using the apical junction marker hmr-1::
gfp (Achilleos et al., 2010), we also detected unfused seam cells or
disruption of the seam syncytia in young adults following RNAi
against the same six helicases, even in a background wild-type for
let-7 (Supplementary Fig. 4). Taken together, our results indicate
that six of the RNA helicases tested likely play a role in seam cell
development, and thereby potentially function in the let-7
pathway.
We next examined the effect of knocking down these six RNA
helicase genes on alae formation. Loss of Argonaute ALG-1 or let-7
paralogs has previously been shown to induce retarded seam cell
and alae phenotypes (Abbott et al., 2005; Grishok et al., 2001). We
reasoned that inactivation of RNA helicase genes that function in
the let-7 pathway may induce alae formation defects and exhibit
synergistic effects with mutations in alg-1 or let-7 paralogs. In-
deed, knockdown of ddx-23, ddx-17 or mog-4 induced alae defects
in wild-type and let-7(mg279) animals, and enhanced existing
defects in alg-1(gk214) or mir-48 mir-241(nDf51) mutants (Fig. 2C).
vbh-1 or cgh-1 knockdown caused few alae defects in wild-type
and eri-1(mg366); let-7(mg279) animals but still enhanced the
defects in alg-1(gk214) or mir-48 mir-241(nDf51) mutants. How-
ever, knockdown of sacy-1 showed no signiﬁcant effects. As part of
our screen, we also examined expression of the adult-speciﬁc
marker col-19::gfp following RNAi against all 48 DEAD/H-box he-
licases (Abbott et al., 2005; Feinbaum and Ambros, 1999). col-19 is
activated in the seam cells and the hyp7 syncytium by LIN-29 after
lin-41 is down-regulated by let-7 miRNA family members (Liu
et al., 1995; Slack et al., 2000). In hypomorphic let-7(n2853) and
mir-48 mir-241(nDf51) mutants, lin-41 continues to repress lin-29,
and col-19::gfp expression levels are reduced (Chu et al., 2014;Hurschler et al., 2011). We also observed reduced col-19::gfp ex-
pression in young adults with a wild-type let-7 gene upon in-
activation of the same six RNA helicases required for proper seam
cell development (Supplementary Fig. 5), supporting the possibi-
lity that these helicases function in the heterochronic pathway as
part of the let-7-lin-41-lin-29 axis (Slack et al., 2000).
In summary, to identify additional proteins involved in miRNA
processing and/or function, we knocked down 48 C. elegans DEAD/
H-box RNA helicases and investigated the effects on let-7 hetero-
chronic phenotypes. RNAi against six helicases led to phenotypes
resembling those seen in let-7 loss-of-function mutants, suggest-
ing that they may play a role in let-7-mediated regulation.
3.2. DDX-23 and DDX-17 SUPPOrT PRIMARY LET-7 processing
We asked whether the let-7 mutant phenotypes observed with
RNAi against the six RNA helicases could be explained, at least in
part, by a decrease in the level of mature let-7. In a previous
screen, Parry et al. (2007) measured let-7 and pre-let-7 levels after
knocking down a set of candidates, including ddx-23, whose de-
pletion caused a high vulval bursting rate in eri-1(mg366); let-7
(mg279) animals (Parry et al., 2007). Parry et al. hypothesized that
these candidates function at the Dicer-mediated processing step,
but failed to identify pre-let-7 accumulation and clear let-7 re-
duction similar to dcr-1(RNAi). They therefore proposed that the
candidates act downstream of the expression and processing of
let-7. However, we detected a 50% decrease in levels of mature
let-7 relative to the control following knockdown of ddx-23
(Fig. 3A and B). A similar pattern was found with ddx-17(RNAi) and
mog-4(RNAi) but not with cgh-1(RNAi), vbh-1(RNAi) or sacy-1
(RNAi). Similar to Parry et al. (2007), we detected no accumulation
of pre-let-7 (data not shown). Our results suggest that DDX-23,
DDX-17 and MOG-4 may affect let-7 biogenesis, but not at the
Dicer-mediated maturation step.
To determine whether the reduction of let-7 was caused by an
upstream event, we used RT-qPCR to examine levels of primary
let-7 miRNA. Two primary let-7 transcripts with different tran-
scriptional start sites have been identiﬁed in C. elegans (pri-let-7A
and pri-let-7B) eration of pre-let-7 by Drosha (Fig. 3C) (Bracht
et al., 2004; Mondol et al., 2015). Following RNAi of ddx-23, ddx-17
ormog-4,we detected an elevated level of total pri-let-7 (including
both pri-let-7A/B and SL1-pri-let-7) (Fig. 3D), suggesting that the
reduction in mature let-7 was at least in part due to blocked pri-
mary let-7 processing. Interestingly, depletion of DDX-23 or DDX-
17 caused an accumulation of predominantly SL1-pri-let-7,
whereas depletion of MOG-4 caused a preferential accumulation
of the unspliced pri-let-7 transcripts (Fig. 3E). This ﬁnding suggests
that DDX-23 and DDX-17 support Drosha-mediated pri-let-7 pro-
cessing, and MOG-4 is required for the upstream trans-splicing
step.
3.3. DDX-23 and DDX-17 support pri-miR-84 processing and facil-
itate regulation of let-60/RAS by miR-84
To determine whether DDX-23 and DDX-17 potentially regulate
other miRNAs, we tested the effects of knocking down ddx-23 or
ddx-17 on the miR-84-mediated regulation of let-60/RAS. let-60/
RAS acts through the EGF/LIN-3 signaling pathway to control cell
fate speciﬁcation of vulva precursor cells (VPC) (Beitel et al., 1990;
Han et al., 1990; Johnson et al., 2005). let-60 gain-of-function (gf)
mutations induce the multivulva (Muv) phenotype, the develop-
ment of extra ventral protrusions (Beitel et al., 1990; Han et al.,
1990). Here, we show that ddx-23(RNAi) enhanced the Muv phe-
notype of let-60(n1046gf) animals, with fewer animals displaying
no ventral protrusions and an increased number developing two
or more. Animals on ddx-23(RNAi) exhibited an average of 2.071.0
Fig. 3. DDX-23 and DDX-17 are required for pri-let-7 processing. (A) Northern blot analysis of mature let-7 in wild-type animals upon RNAi against indicated RNA helicases.
Animals were exposed to feeding RNAi at the L1 stage, and assayed following the L/A switch. U6 snRNA was used as a loading control. The relative expression of let-7 from
three independent experiments is shown in (B). (C) Left, the 2460-bp genomic DNA fragment encoding the let-7 transcripts (Bracht et al., 2004). ‘A’ and ‘B’ indicate the
transcription start sites. The short fragment encoding the 65-nt pre-let-7 is shown in gray. Right, a diagram shows the trans-splicing reaction of the let-7 transcripts. The SL1
RNA is shown in black. The positions and names of primers employed in this study are shown. A universal reverse PCR primer (R1) and a pri-let-7-speciﬁc forward primer
(L1) were used to detect the total amount of pri-let-7. L2 is a forward primer speciﬁc to the unspliced pri-let-7. L3 is speciﬁc to SL1-pri-let-7. R2 is the reverse primer used
with L2 or L3. (D) qRT-PCR analysis of the total amount of pri-let-7 in animals upon RNAi collected in (A). (E) qRT-PCR analysis of unspliced pri-let-7 and SL1-pri-let-7 in
animals upon RNAi against ddx-17, ddx-23 or mog-4 collected in (A). Three independent biological duplicates were performed. Error bars represent SD. ** po0.01, * po0.05
using a paired one-tailed Student’s t-test.
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Fig. 4. Inactivation of ddx-23 or ddx-17 enhances a let-60 gain-of-function mutant and increases accumulation of pri-miR-84. (A) MT2124 let-60(n1046gf), (B) GR1689 let-60
(n1046gf); mir-84(tm1304), or (C) GR1690 mgIs45[mir-84þþ]; let-60(n1046gf) synchronized L1 animals were placed on bacteria carrying control, ddx-23, ddx-17 or alg-1
feeding RNAi vectors. The number of ventral protrusions representing ectopic induction of VPCs was counted when animals reached the adult stage. The mean number of
protrusions7SD per animal and the percentages of animals exhibiting the indicated number of protrusions are shown. n, the number of animals assayed. p values were
calculated using an unpaired one-tailed Student’s t-test. (D) Northern blot analysis of pre-miR-84 and miR-84 in MT2124 and GR1690 animals grown on the indicated RNAi
constructs starting at the L1 stage. Samples were then collected and assayed at the L/A switch. (E) Quantitative RT-PCR analysis of pri-miR-84 in GR1690 animals from (D).
Three independent biological duplicates were performed. Error bars represent SD. ** po0.01, * po0.05 using a paired one-tailed Student’s t-test.
Y.-D. Chu et al. / Developmental Biology 409 (2016) 459–472 465(n¼168) ventral protrusions compared to 1.671.1 (n¼178) in the
control (po0.001, Student's t-test) (Fig. 4A). When ddx-17 was
inactivated, the number of ventral protrusions was also increased
(1.871.0, n¼169, po0.05) and a similar change in the percentage
of animals with extra ventral protrusions was seen. Knockdown of
Argonaute ALG-1 further enhanced the Muv phenotype in let-60
(n1046gf) mutants, consistent with the more severe vulva and
seam cell differentiation defects observed with alg-1(RNAi) (data
not shown). By contrast, in let-60(n1046gf) animals containing the
mir-84 null allele tm1304, the number of ventral protrusions was
largely unchanged following RNAi against ddx-23, ddx-17 or alg-1
(Fig. 4B). This result could potentially stem from the loss of let-60
(n1046gf) repression by mir-84, yet we would have then predicted
that the mir-84(tm1304) null mutant would further enhance theMuv phenotype of let-60(n1046gf). We did not observe this to be
the case (Fig. 4A and B), consistent with a previous report (Hayes
et al., 2011). However, the fact that enhancement of let-60(gf) by
ddx-23(RNAi) or ddx-17(RNAi) was dependent on wild-type mir-84
indicates that DDX-23 and DDX-17, as well as ALG-1, at least in part
facilitate down-regulation of let-60/RAS through miR-84.
In let-60(n1046gf) mutants with mir-84 overexpression, only
alg-1(RNAi) clearly affected the ventral protrusions (Fig. 4C). This
indicates that the attenuated miR-84 regulation stemming from
ddx-23(RNAi) or ddx-17(RNAi) could be partially compensated by
miR-84 overexpression, whereas the defects in miRISC caused by
alg-1(RNAi) could not, implying that depletion of these two RNA
helicases likely modulates the level of miR-84 rather than miRISC
integrity or function.
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(RNAi) reduced miR-84 levels in let-60(n1046gf) but not mir-84
(þþ); let-60(n1046gf) animals (Fig. 4D), perhaps due to the sub-
stantial mir-84 overexpression in the latter case. Depletion of ALG-
1 increased accumulation of pre-miR-84 and reduced levels of the
mature form in both strains, consistent with a previously proposed
role for ALG-1 in facilitating Dicer cleavage (Grishok et al., 2001).
No increase in pre-miR-84 was seen in ddx-23(RNAi) or ddx-17
(RNAi) animals, similar to the results observed for let-7 and pre-
let-7. We also sought to determine whether DDX-23 and DDX-17
support the processing of pri-miR-84 as well, but with qRT-PCR weFig. 5. DDX-23 and DDX-17 are required for biogenesis of several heterochronic miRNAs.
animals on ddx-23 or control RNAi. Worms were exposed to feeding RNAi vectors from
miRNA expression from three independent experiments is shown in (B). (C) qRT-PCR an
set of experiments as in (AC) was performed with ddx-17(RNAi). Error bars represen
Relative expression of drsh-1, pash-1, dcr-1, alg-1 or tbb-2 mRNAs in (G) ddx-23(RNAi) or
encodes a homolog of mammalian beta-tubulin and served as a reference gene. (I) W
indicated.could only successfully detect pri-miR-84 in mir-84(þþ); let-60
(n1046gf) animals. This is likely because mir-84 is normally ex-
pressed at very low levels. In the mir-84 over-expression strain,
ddx-23(RNAi) or ddx-17(RNAi) showed a robust accumulation of
pri-miR-84 without a corresponding increase in the mature form
compared to the control (Fig. 4D and E). Taken together, these
results suggest that DDX-23 and DDX-17 also support pri-miR-84
processing and thereby modulate miR-84-mediated regulation of
let-60/RAS.
3.4. DDX-23 and DDX-17 are also required for the processing of(A) Northern blot analysis of the lin-4, miR-241 and miR-48 miRNAs in wild-type N2
L1 and assayed at the L/A switch. U6 snRNA was used as a loading control. Relative
alysis of pri-lin-4, pri-miR-241 and pri-miR-48 in samples from (B). (D–F) The same
t SD. *** po0.001, ** po0.01, * po0.05 with a paired one-tailed Student’s t-test.
(H) ddx-17(RNAi) animals compared to the control was analyzed by qRT-PCR. tbb-2
estern blot analysis of ALG-1, PASH-1, DDX-17 and DDX-23 in the RNAi animals
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To more broadly determine the importance of DDX-23 and
DDX-17 activities in miRNA biogenesis, we extended our ex-
amination to lin-4, miR-48 and miR-241 (Abbott et al., 2005; Li
et al., 2005). Northern blots showed signiﬁcantly reduced levels of
mature lin-4, miR-48 and miR-241 in ddx-23(RNAi) compared to
the control (Fig. 5A and B). Using qRT-PCR, we detected sig-
niﬁcantly increased accumulation of their primary forms (Fig. 5C).
Although only mature lin-4 and miR-241 were clearly affected by
ddx-17(RNAi) (Fig. 5D and E), we detected an increase in all three
pri-miRNAs tested (Fig. 5F). These ﬁndings suggest that both RNA
helicases support primary miRNA processing of lin-4, miR-48 and
miR-241.
3.5. Expression of miRNA pathway components is not affected by
DDX-23 or DDX-17 depletion
To investigate whether ddx-23 or ddx-17 knockdown affects the
expression of miRNA pathway components, we assessed the pro-
tein levels of Pasha and Argonaute ALG-1 by western blot. We also
determined the mRNA levels of Drosha (drsh-1), Pasha (pash-1),
Dicer (dcr-1) and alg-1 by RT-qPCR. None of these factors was re-
duced by RNAi against ddx-23 or ddx-17 (Fig. 5G–I), suggesting that
the impairment in miRNA biogenesis was not caused by depletion
of any core components of the miRNA processing pathway. In fact,
we observed slightly elevated levels of dcr-1 and alg-1 mRNAs.
Previously, Büssing et al. (2010) also observed elevation of some
miRNA pathway components when the nuclear export receptor
XPO-1 and the cap-binding complex (CBC) that support primary
miRNA processing were knocked down (Bussing et al., 2010). The
increased expression of dcr-1 and alg-1 is consistent with the
previously proposed widespread auto-regulation of miRNA path-
way components by miRNAs (Zisoulis et al., 2010), and may ex-
plain why when miR-84 was over-expressed, pre-miR-84 appeared
to be processed more efﬁciently to mature miR-84 (Fig. 4D).
To directly verify depletion of DDX-23 and DDX-17 by RNAi,
polyclonal antibodies were raised against synthetic peptides cor-
responding to each of these proteins. Western blots showed that
RNAi against ddx-23 and ddx-17 efﬁciently depleted the target
proteins without observable cross-reactions (Fig. 5I).
Taken together, our results suggest that DDX-23 and DDX-17
function similarly to promote miRNA biogenesis in C. elegans. We
also observed a synergistic effect of ddx-23(RNAi) and ddx-17
(RNAi) on reducing let-7 levels in a double knockdown experiment
(Supplementary Fig. 6), which further supports this possibility.
3.6. DDX-23 depletion inhibits primary miRNA processing but does
not change the timing of miRNA expression
Human DDX17 has been shown to facilitate processing of a set
of pri-miRNAs (Mori et al., 2014; Moy et al., 2014; Suzuki et al.,
2009). Our results suggest that this function is evolutionarily
conserved, and that DDX-17 is also important for pri-miRNA pro-
cessing in C. elegans. By contrast, the role of DDX23 in the miRNA
pathway has not been clearly reported, although Parry et al. (2007)
have suggested that most genes identiﬁed in their genome-wide
RNAi screen, including ddx-23, may act downstream of let-7 bio-
genesis (Parry et al., 2007). Here, we demonstrate that knockdown
of ddx-23 led to a reduction in the levels of several mature miRNAs
and an accumulation of their primary forms. Thus, our ﬁndings
reveal a novel role for DDX-23 in primary miRNA processing. To
conﬁrm that this result is not speciﬁc to ddx-23(RNAi), we ana-
lyzed the pri-miRNA levels in homozygous ddx-23(tj21) deletion
mutant animals, which were laid by heterozygous mothers and
arrested at the L3 stage. Compared to synchronized L3-stage wild-type N2 animals, ddx-23(tj21) mutants showed a robust accumu-
lation of pri-lin-4, SL1-pri-let-7, pri-miR-48, -84 and -241 without
a corresponding increase in their mature forms (Supplementary
Fig. 7A and B). Consistent with the RNAi knockdown experiments,
we observed less accumulation of unspliced pri-let-7A/B.
Oscillatory gene expression during C. elegans development has
been demonstrated for nearly one ﬁfth of genes, including let-7
(Hendriks et al., 2014; Van Wynsberghe et al., 2011b). To avoid
potential misinterpretation stemming from the collection of
samples at a single time point, we performed a time-course ex-
periment and observed that ddx-23(RNAi) animals reached the L/A
switch approximately 4 h later than the control. Thus, we har-
vested worms every two hours from the mid-L4 to the early adult
stages (from 38 to 50 h after initiation of RNAi for the control and
from 42 to 54 h for ddx-23(RNAi)), and carefully conﬁrmed the
developmental stage by examining gonad development and vulva
morphology with DIC microscopy at 630x. Using northern blot
analysis, we determined that levels of mature let-7 changed by
2-fold over time and peaked roughly during the ﬁnal step of
vulva formation at the L/A switch (at 46 h for the control and
50 hours for ddx-23(RNAi)) (Fig. 6A), when the vulva partially
everted and the lumen closed into a slit. Interestingly, we also
detected a peak of pre-let-7 approximately 2 h prior to the let-7
peak. This temporal pattern might reﬂect the time required for
Dicer-mediated processing of pre-let-7. The overall levels of both
pre-let-7 and let-7 were signiﬁcantly reduced by ddx-23(RNAi)
(Fig. 6A), with a 50% decrease in the quantities of both forms at
the time of peak expression (Fig. 6B). This was consistent with the
results obtained for animals assayed at the time of the L/A switch.
To further conﬁrm the accumulation of pri-miRNAs in ddx-23
(RNAi) animals, we examined their levels at time points just prior
to the L/A switch using the temporal expression pattern of lin-42,
the C. elegans ortholog of the core circadian clock regulator Period
(Jeon et al., 1999), as a reference. lin-42 is rhythmically expressed
prior to every molt and regulates the timing of heterochronic
miRNA expression (McCulloch and Rougvie, 2014; Monsalve et al.,
2011; Tennessen et al., 2006; Van Wynsberghe et al., 2014). We set
the time of the last lin-42 expression peak before the L/A switch at
zero and monitored primary miRNAs from 2 to þ4 h (38–44 h
following the onset of RNAi for the control and 42–48 h for ddx-23
(RNAi)) (Fig. 6C and D). We found that expression of the let-7
primary transcripts exhibited the same timing relative to lin-42 in
both control RNAi and ddx-23(RNAi) animals. The levels of un-
spliced pri-let-7 were not affected by ddx-23 knockdown, whereas
the spliced SL1-pri-let-7 accumulated dramatically (Fig. 6E and F).
The levels of pri-lin-4, pri-miR-241 and pri-miR-48 also increased
upon ddx-23 RNAi, although without noticeable ﬂuctuation during
this time period (Fig. 6G–I). We detected no depletion of Drosha or
Pasha mRNAs at each time point (Fig. 6J and K), indicating the
accumulation of pri-miRNAs was not due to loss of the Micro-
processor components. These results suggest that knockdown of
DDX-23 does not change the pattern of transcription of miRNA
pathway genes before the L/A switch and further supports the
hypothesis that DDX-23 facilitates pri-miRNA processing.
3.7. DDX-23 is localized to the nucleus and expressed in multiple
tissues
To identify the tissues expressing DDX-23, we generated stable
integrated transgenic strains using a gDNA fosmid expressing GFP-
tagged DDX-23 (Sarov et al., 2012). The ddx-23::gfp fusion gene
was expressed in a variety of cell types, including seam cells and
the hyp7 syncytium, uterine cells, ventral nerve cord (VNC) and
neurons in the head and tail (Supplementary Fig. 8A–E). The DDX-
23::GFP protein was localized to the nucleus but excluded from
the nucleolus, consistent with the hypothesis that DDX-23
Fig. 6. Depletion of DDX-23 reduces levels of let-7 and pre-let-7 during the larval-to-adult transition by blocking primary miRNA processing. (A) Northern blot analysis of
pre-let-7 and let-7 in wild-type N2 animals upon ddx-23 or control RNAi from mid-L4 to young adult. The levels of RNAs were quantiﬁed and the peaks of pre-let-7 (at the
44th hour) and let-7 (at the 46th hour) in the control RNAi, respectively, were set to 1-fold. Asterisks indicate the time of the L/A switch. (B) Three biological independent
time-course experiments as shown in (A) were performed. The peaks of pre-let-7 and let-7 in ddx-23(RNAi) animals were compared to the control. Error bars represent SD.
*** po0.001, * po0.05 with a paired one-tailed Student’s t-test. (C) RT-PCR analysis of indicated mRNAs and pri-miRNAs in mock RNAi or ddx-23(RNAi) animals for four time
points before the L/A switch. The lin-42 mRNA peak observed at the 40th hour for the control and the 44th hour for ddx-23(RNAi) was set to zero. (D-K) Quantitative RT-PCR
analysis of indicated mRNAs and pri-miRNAs in mock RNAi or ddx-23(RNAi) animals from 2 to þ4 h around the peak of lin-42. Three independent biological duplicates
were performed. Error bars represent S.E.M.
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detected in both the seam cells and hyp7, where robust expression
of let-7 transcriptional reporters has been previously reported
(Ecsedi et al., 2015; Esquela-Kerscher et al., 2005; Johnson et al.,
2003; Kai et al., 2013). This co-expression pattern—as well as the
ﬁnding that ddx-23(RNAi) animals display let-7(lf)-like phenotypes
in the hypodermis—is consistent with the possibility that DDX-23
autonomously promotes the let-7 pathway. We also detected ex-
tensive GFP expression in the distal tip cell (DTC) and germ cells in
the proximal gonad at the late L3/L4 stages (Supplementary Fig. 8F
and G), consistent with DDX-23 playing a role in germline devel-
opment and the sperm-oocyte switch, as reported previously
(Konishi et al., 2008). By contrast, we detected no GFP signal in the
embryos, although previous studies have suggested that DDX-23 is
required for embryogenesis (Konishi et al., 2008). To determine
the temporal pattern of ddx-23 expression, we examined the
presence of DDX-23 at each developmental stage by western blot.
We were able to detect DDX-23 from the L1 larval stage to the
adult, but not during embryogenesis (Supplementary Fig. 9).
3.8. DDX-23 also supports miRNA-mediated regulation in different
cell types and outside the heterochronic gene pathway
To test whether DDX-23 affects the function of miRNAs outside
the heterochronic gene pathway, we attempted to examine reg-
ulation by the lsy-6 miRNA, which speciﬁes the left/right asym-
metric fate of the ASEL/R neurons by down-regulating a key target,
the COG-1 transcription factor, in the ASEL (Johnston and Hobert,
2003). Since determination of the ASEL/R cell fate occurs early in
larval development, we were not able to test a genetic interaction
between ddx-23 and lsy-6 with RNAi. Initiating RNAi against ddx-
23 at the L1 stage was not sufﬁcient, and feeding parental L4
hermaphrodites the ddx-23 RNAi vector resulted in severe sterility
(data not shown). COG-1 is also expressed in the vulva and uterus,
where lsy-6 is not normally present (Johnston and Hobert, 2003;
Palmer et al., 2002). Ectopic lsy-6 expression driven by the cog-1
promoter in these cell types has been shown to down-regulate a
cog-1::gfp reporter containing lsy-6 target sites (Johnston and
Hobert, 2003). Thus, we chose to examine the regulation of theFig. 7. DDX-23 and DDX-17 are required for efﬁcient regulation of cog-1::gfp expression
ectopic lsy-6 co-expression were subjected to RNAi against ddx-23, ddx-17 or alg-1. The p
indicates the statistical difference calculated using a chi-squared test. n, the number ofcog-1::gfp reporter in the vulva and uterus following co-expression
with lsy-6. All animals exhibited vulval or uterine cog-1::gfp ex-
pression in the absence of lsy-6. By contrast, uterine cog-1::gfp
expression was largely repressed by cog-1pro::lsy-6, and this re-
pression was partially dependent on ddx-23 and ddx-17 (Fig. 7).
alg-1(RNAi) was used as a reference to show the extent to which
lsy-6-mediated regulation was affected by inactivation of a core
miRNA pathway component. Taken together, these observations
suggest that DDX-23 modulates miRNA regulation not only in the
hypodermal seam cells and hyp7 but also in other multiple tissues
to exert different types of developmental control.4. Discussion
4.1. DDX-23 and DDX-17 affect C. elegans developmental regulation
by promoting primary miRNA processing
In this study, we used a candidate-based RNAi screen to search
for DEAD/H-box RNA helicases that are involved in the regulation
of miRNA biogenesis and/or function. We found that RNAi
knockdown of several candidates, including DDX-23 and DDX-17,
induced let-7 mutant phenotypes in a sensitized genetic back-
ground. Depletion of DDX-23 or DDX-17 reduced the levels of
precursor and mature let-7 and increased accumulation of the
primary let-7 miRNA, suggesting a role for these RNA helicases in
pri-let-7 processing and, in turn, let-7-mediated developmental
regulation in C. elegans.
Our results show that DDX-23 or DDX-17 also promote primary
miRNA processing of lin-4 as well as the let-7 family of miRNAs,
miR-48, miR-84 and miR-241. In wild-type C. elegans, lin-4 and let-
7 family members act as part of the heterochronic pathway to
specify cell fate during hypodermal development (Abbott et al.,
2005; Lee et al., 1993; Li et al., 2005; Wightman et al., 1993). When
we knocked down DDX-23 or DDX-17, we failed to observe re-
iterated L1- or L2-stage cell division patterns that phenocopied lin-
4(0) or mir-48(0) mir241(0); mir-84(0), respectively. This inability
to detect hypodermal defects in ddx-23(RNAi) or ddx-17(RNAi)
could be due to the presence of wild-type copies of lin-4 and/orby ectopic lsy-6 miRNA in the uterus. Animals expressing cog-1::gfp with or without
ercentages of late-L4 animals exhibiting GFP in the uterus were scored. The p-value
animals scored. Vul, vulva. u, uterus.
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be due to the timing of RNAi. Since animals were not fed RNAi
constructs until the L1 stage, it is possible that knockdownwas not
yet sufﬁcient to cause detectable early- or mid-larval develop-
mental phenotypes. By contrast, we scored let-7 vulval and seam
cell defects or collected miRNAs for analysis at the late L4 stage or
L/A switch, when western blots showed that both DDX-23 and
DDX-17 were almost completely depleted.
In let-60(n1046gf), a sensitized genetic background used to
examine let-60/Ras signaling (Nanji et al., 2005), we observed
enhancement of the multivulva phenotype (Muv) upon depletion
of DDX-23 or DDX-17. This enhancement was no longer present
following deletion of the mir-84 gene, suggesting that DDX-23 and
DDX-17 promote regulation of let-60 and VPC fate determination
through miR-84. We also observed that DDX-23 and DDX-17 pro-
moted the down-regulation of uterine cog-1 by the ectopically
expressed lsy-6 miRNA. Taken together, these data show that C.
elegans DDX-23 and DDX-17 play a key role in miRNA-mediated
gene regulation in various tissues by promoting primary miRNA
processing.
4.2. The functions of DDX-23 and DDX-17 in miRNA biogenesis are
evolutionarily conserved
A large body of evidence has demonstrated that the human p72
(DDX17) helicase and its paralog, p68 (DDX5), modulate tran-
scriptional co-activation/repression as well as the regulation of
splicing/alternative splicing to orchestrate multiple layers of gene
expression during cell differentiation (Dardenne et al., 2014;
Fuller-Pace, 2013). In addition, p72 (DDX17) and p68 (DDX5) are
associated with the Microprocessor, and support primary miRNA
processing for a subset of miRNAs (Mori et al., 2014; Suzuki et al.,
2009). Although the mechanism remains elusive, p72 (DDX17) has
been shown to recognize the stem-loop structure and/or a motif in
the 3′-ﬂanking segment of these primary miRNAs. Direct binding
to these regions facilitates the production of precursor miRNAs by
the Microprocessor (Mori et al., 2014; Moy et al., 2014). In this
work, we demonstrate that DDX-17 (F58E10.3), the C. elegans
homolog of human p72 (DDX17) and p68 (DDX5) (Shaye and
Greenwald, 2011), also supports primary miRNA processing, in-
dicating the conservation of DDX17 function in miRNA biogenesis
across species.
A recent paper by Yin et al. (2015) supports the possibility that
the role for DDX23 in primary miRNA processing may also be
evolutionarily conserved. Human DDX23 was shown to promote
pri-miR-21 processing through an interaction with the Drosha
microprocessor, and thereby modulate glioma malignancy (Yin
et al., 2015). However, the authors stated that while DDX23-
knockdown led to reduced levels of both precursor and mature
miR-21, it yielded no apparent effect on levels of mature let-7a.
This contradiction with our ﬁnding that ddx-23(RNAi) reduced let-
7 levels in C. elegans likely stems from the fact that the oncogenic
miR-21 is highly up-regulated in gliomas (Chan et al., 2005) while
let-7 family miRNAs are commonly down-regulated in a variety of
cancers (Adams et al., 2014). It is thus likely that there would be a
difference in the impact of DDX23 on the biogenesis of miR-21 and
let-7 in glioma cells, and that changes in miR-21 expression levels
following ddx-23 RNAi or over-expression would be easier to de-
tect than those for let-7.
4.3. C. elegans DDX-23 plays a novel role in development by sup-
porting miRNA biogenesis
Depletion of DDX-23 through post-embryonic RNAi induces the
Mog phenotype and inhibits growth, suggesting that DDX-23 is
required for proper germline and somatic development (Konishiet al., 2008). We detected robust DDX-23 expression in the prox-
imal region of the late L3/L4 gonad, where spermatogenesis oc-
curs, consistent with a role for DDX-23 in germline sex determi-
nation. Interestingly, several MOG proteins also mediate key steps
in pre-mRNA splicing, including the DEAD-box RNA helicases
MOG-1, MOG-4 and MOG-5, homologs of the yeast splicing factors
Prp16p, Prp22p and Prp2p, respectively (Puoti and Kimble, 1999,
2000). Therefore, it has been proposed that the splicing-related
activity of these factors is likely to be necessary for germline sex
determination, and that as yet unidentiﬁed sex determination
genes are more sensitive to disrupted pre-mRNA splicing (Kerins
et al., 2010). We also detected DDX-23 expression in various so-
matic tissues, which may explain the requirement for DDX-23 in
somatic development. However, to date no evidence has emerged
regarding whether DDX-23 affects somatic development through
its splicing-related activity or through a function unrelated to pre-
mRNA splicing.
In yeast, Prp28p has been found to play a role in displacing
proteins that stabilize the U1/5’SS interaction at the early step of
splicing—including U1 snRNP proteins U1C, Prp42p and Snu71p,
the cap-binding protein Cbp80p, and Ynl187p—in order to unwind
the U1/5’SS helix (Chen et al., 2001; Hage et al., 2009). Prp28p
becomes dispensable when these proteins are mutated and the
U1/5’SS interaction is destabilized. Similarly, the requirement for
the yeast DEAD-box helicase Sub2p, which removes Mud2p from
the branchpoint sequence (BPS) to promote a stable U2/BPS in-
teraction, is eliminated when Mud2p is absent (Kistler and Gu-
thrie, 2001). These observations support the notion that certain
DEAD-box helicases are not mechanistically essential for the spi-
cing pathway, but rather play a role in ﬁne-tuning the splicing
reactions. In this context, C. elegans DDX-23 may also be dis-
pensable for the splicing of some transcripts, supported by our
observations that the expression of several miRNA pathway com-
ponents was not affected by ddx-23(RNAi), and that DDX-23::GFP
was not expressed in all tissues. Thus, in theory, the effects of
depletion of DDX-23 on C. elegans development could stem from
the loss of a non-splicing-related activity of DDX-23.
In this work, ddx-23(RNAi) in a sensitized background resulted
in vulval and hypodermal defects similar to those observed in let-7
loss-of-function mutants, and also enhanced the let-60(n1046gf)
Muv phenotype in the presence of adequate amounts of miR-84. In
addition, it affected lsy-6-mediated down-regulation of cog-1 in
uterine cells. Taken together, these results suggest that DDX-23
affects gene expression and development by acting through the
miRNA pathway. Indeed, we detected a decrease in the mature
forms as well as an increased accumulation of the primary forms
of several miRNAs with key functions during development. Since
the miRNA pathway genes drsh-1, pash-1, dcr-1 and alg-1 were not
negatively impacted by ddx-23(RNAi), this effect did not stem
simply from a decrease in the amounts of miRNA pathway com-
ponents. Therefore, we propose that DDX-23 acts to support pri-
mary miRNA processing, perhaps by modulating ribonucleopro-
tein complexes containing primary miRNAs like DDX-17. Through
this role, DDX-23 ultimately has the potential to inﬂuence gene
regulation by a range of miRNAs, including those of the hetero-
chronic pathway, and in turn control many aspects of C. elegans
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